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Introduction Alkylation of isobutane with butenes is an important industrial process for the 
production of isooctane and its isomers, i.e., trimethylpentanes (TMPs). The product, called 
alkylate, has a high octane number (90-94 RON), low vapor przssire (Rvp), no aromatics or 
olefins. It is a preferred blending stock for reformulated gasoline. The production of alkylate in 
the US should exhibit steady growth through the year 2000 [l] and will top 900,000 bld in 1997 
[l], about 13 vol% of the US gasoline pool [Z]. Two types of commercial processes are now in 
operation: one based on HF, the other on H2SO4. There are considerable environmental concerns 
about the use of the toxic HF and sulfirric acid presents problems of corrosion and disposal of 
spent catalysts. Efforts are being made to use HF in a way to reduce its volatility [3]. It is 
recognized that alkylate production by use of an environmentally benign solid acid catalyst is 
highly desirable [4-81 Work on the chemistry and technology of C4 alkylation before 1993 has 
been reviewed [9]. A recent symposium was held on the use of solid acid catalysts and 
processes[lO]; none have been commercialized as yet. Major problems for solid catalyst alkylation 
are short catalyst life time and low selectivity to TMP. 

Rao [2] has written a reaction pathway for the isobutane-isobutene alkylation: 
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Two major undesirable reactions usually occur: competitive side reactions leading to formation of 
octenes rather than TMps; and consecutive side reactions leading to higher (C12 and CIS) 
hydrocarbons. To obtain a high selectivity to alkylate, a low olefin concentration must be. 
maintained in the reaction zone; high isobutane to olefin feed ratios and high olefin conversions 
are necessary. In commercial alkylation processes, the feed isobutanelbutenes ratios (external 
ratio) are typically 5-8 for the H2S04 process and 10-14 for the HF process. Due to high olefin 
conversion inside the reactor, the internal isobutanelbutenes ratios are much higher. However, this 
ratio is difficult to maintain on a solid catalyst surface because olefin adsorption is much stronger 
than paraffin adsorption. This may explain a difficulty of the alkylation process over solid 
catalysts. 

Recently, new types of anion-modified metal oxides have drawn increasing attention[ll- 
131. Metal-promoted ZrOdSO, and ZrOflO, are strong solid acids with activity for 
hydrocracking and hydroisomerization of hexadecane, polyethylene and Fischer-Tropsch waxes at 
relatively mild reaction conditions [14-161. Initial activity has been demonstrated over zrO2/so4 
catalyst for alkylation reaction [7, 171. In this work we investigated the alkylation chemistry and 
deactivation behavior over two Pt-promoted anion-modified metal oxide catalysts, Pt/zfl2/S04 
(PtSZ) and PtZrOflO, on A1203 support (PtWZ-Al203). 

Experimental Section 
Feed mixture preparation. Isobutane (i-CJl,O, 99.7%; C&, 0.3%) was obtained from Praxail. 
A mixture containing isobutene (i-C&, 8%; i-C&,, 91% C2&, 1%) and a mixture containing 
cis-2-butene (cis-2-C&18, 20%; i-CsIlo, 80%) were obtained from Air Products. All three are in 
steel cylinders with dip tubes. Various ratios of isobutanehutene were made by mixing into a 

*Correspondence author. ?Current &em: Department of Environmental Science & 
Engineering, F u h  University, Shanghai 200433, China. 

218 



c 

5OOml steel container kept at dry ice temperature. Before loading of each component, connecting 
tubes were purged with the feed component to remove air. The steel container with its contents 
was weighed each time after a component was put in. The final composition of the mixture was 
calculated and verified by GC. 

Catalyst Synthesis. The solid catalysts PtSZ and PtWZ-AI203 were synthesized foUowing a 
similar method described elsewhere [15]. ZrC14 was dissolved in 1500 ml of distilled water and 
hydrolyzed at room temperature by slowly adding 28-30% W O H  with vigorous agitation until 
pH = 9 was reached. The mixture was stirred for another 30 min and left to settle overnight. The 
precipitate [Zr(OH),] was filtered and washed with distilled water until no chloride ions were 
detected. The solid was then dried at 110 "C overnight and ground to below 100 mesh. Sulfation 
was carried out by treating 10.0 g of the resultant Zr(0H)d with 150 ml of 0.5 M H2S04 solution 
for 30 min with constant stirring. The solid was separated from the liquid by filtration, rinsed with 
-150 ml of water and dried at 110 "C overnight. The sample was loaded with 0.5 wt% Pt by 
incipient wetness impregnation of an H2PtCls aqueous solution, dried at 1 IO "C overnight and 
calcined at 650 "C for 3 hr. Tungsten [WO3/(ZrO2 + wo3) was 8.3 wt%] was loaded on Zr(OH)r 
by incipient wetness impregnation of a (NIt)J-12W~20~ solution. The sample was dried at 1 10 OC 
overnight, mixed with y-AI2O3 (Zr02:A1203 = 1:l by wt),.and impregnated with 0.5 wt% Pt 
(based on total solid) using an H2PtCb aqueous solution. The sample was dried at 110 "C 
overnight and calcined at 700 OC for 3 hr. 

Reactor. A continuous up-flow fixed bed reactor equipped with on-line GC analysis was 
employed. The isobutanehutene mixture was maintained in liquid phase under He pressure, and 
fed to the reactor by a piston-type pump. The reactor temperature was controlled by a computer 
in the range of 30 - 750 "C; pressure was controlled by a back-pressure regulator in the range of 
ambient to 1000 psig. Various gases, air, He, N2 and H2, could be fed into the reactor and the 
flow rate controlled by a mass flow meter. 

Experimental Procedure. Catalysts were formed into pellets and then crushed to 40-60 mesh 
particles. The catalyst was then mixed with the same weight of 50-70 mesh quartz sand and 
packed into a 3/8' 0.d. stainless steel tubular reactor. Quartz sand was packed before and after 
the catalyst bed. Before a reaction, the reactor system was purged with He and pressurized. 
Liquid isobutane was pumped into the reactor and heating started. The feed was switched from an 
isobutane to isobutanehutene mixture at least 10 min after a stable reaction temperature was 
reached. Time-on-stream (TOS) was recorded as zero min at the moment of the feed switch. On- 
line GC analysis (FID detector) was used periodically to analyze product composition. Liquid 
products condensed by dry ice were kept in a refrigerator (4 "C). After evaporation of isobutane, 
the remaining liquid products were identified by GCMS and compared with literature data [IS], 
pure compounds, and boiling points of the species. 

Results and Discussion 
Alkylation of isobutane and 2-butene. Figure 1 shows liquid product obtained from alkylation 
of isobutane and 2-butene over a Pt/Zr02/S04 catalyst at a whsv of 2.0 h-'. The main peak was 
2,2,4-TMP, accompanied by 2,3,4- and 2,3,3-TMPs. Dimethylhexanes (DMHs), branched Cs 
olefins, CS and higher paraffins and olefins as well as C J C ~  cracking products were also found, At 
a lower whsv, 0.25 h", under otherwise identical conditions, the catalyst life time was extended 
and TMP selectivity increased (Table I). GC analysis revealed that the increase in 'IMP selectivity 
at the lower whsv was mainly due to an increase of 2,3,4- and 2,3,3-'IMPs (Figure 2). However, 
fractions higher than CS also increased. At prolonged reaction times (1.5 and 5 hr, respectively) 
ThQs were diminished but select es to Cs olefins and higher hydrocarbons increased in both 
runs. 
Deactivation and regeneration of the catalyst. TMP selectivity was highest at low TOS; Cs 
olefins appeared a few minutes later, and gradually replaced TMP as the main peak during 
alkylation of isobutane and 2-butene over a PtSZ catalyst. At high TOS, CS, C12 and Cls branched 
olefins were the main products, as shown in the following sequence: 

TMP (isoo*ane and isomers) 
i-c, + c,- solid catdyd in i-Cd 

-1 -1 * 
Time On Stream 

Conversion of 2-butene remained almost unchanged in the tirst few hours. The shif i  in 
product composition was probably due to adsorption phenomena on the catalyst surface. The 
catalyst surface was originally covered only by isobutane. When the isobutand2-butene mixture 
passed through the catalyst bed, 2-butene first reacted with surface isobutane to yield TMP. The 
more strongly adsorbed 2-butene then started to replace isobutane from the catalyst surface. After 
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the concentration of 2-butene reached a certain level, CS olefins formed by dimerization of 
adsorbed 2-butene were the main product, The CS olefins reacted further with 2-butene to give 
C ~ Z  and CIS olefins. TMps as the main product indicated predominant adsorption of isobutane on 
the catalyst surface, and Cs olefins as the main product indicated adsorption of 2-butene. and CIZ 
olefins indicated Cs olefin adsorption. Jong et al. indicated that these side reactions contribute to 
catalyst deactivation [19]. Low butene concentration is crucial in alkylation to keep good TMP 
selectivity. 

To verify the surface adsorption hypothesis, a series of regeneration experiments on the 
same catalyst were performed. Since solid alkylation catalysts could be regenerated by air, HZ 
stripping [20] and solvent extraction [21], the catalyst deactivation is probably caused by 
carbonaceous deposits. 

Full regeneration was indicated when TMPs appeared as the main product at the beginning 
of a run. The run was continued until CIS olefins appeared. Without regeneration, only CS and 
higher olefins were observed, As sem in Table 2, the catalyst was successfully regenerated by HZ 
accompanied by iiquid isobutane flow (400 psig) at 110 OC for 30 min. It can be explained by 
assuming that the surface was saturated with adsorbed 2-butene and CS olefins which were 
replaced by an excess of isobutane. The catalyst was also successfully regenerated at 71 "C for 2 
hr in H2 and isobutane. However, when the temperature was lowered to 24 OC, the catalyst was 
only partially regenerated as indicated by both TMP and CS olefin peaks at the initial TOS. The 
catalyst was also regenerated by air at 450 "C and 690 "C. If deactivation of the catalyst were 
caused by surface lay down of olefins, removal of olefins by desorption would regenerate the 
catalyst. To test this, He was passed through the reactor which was gradually heated to 450 "C 
and kept at that temperature for 3 hr, a procedure similar to TPD; the following alkylation 

successful. The experiments indicated that degradation of the catalyst was caused by strong 
adsorption of certain species, probably olefins, which covered active sites responsible for 
alkylation, but the active sites were never destroyed. 
Alkylation of isobutane and isobutene. In order to weaken the adsorption of olefins and 
enhance the adsorption of isobutane on the catalyst surface, the following modifications were 
made: (1) PtWZ (on a y-Al203 support) , which has higher hydrogen transfer activity than PtSZ 
[22,23], was used as catalyst; (2) reaction temperature was increased to 150 'C; and (3) Hz was 
used along with the feed. It was found that low H2 amounts (less than 1 mol% of total feed) was 
not enough to suppress polymerization reactions while H2 amounts greater than 100 mol% of 
isobutene stopped the alkylation reaction by hydrogenation of isobutene. By comparing runs with 
and without H2, and other process variables, suitable reaction conditions and product 
compositions were obtained (Table 3). At 150 "C and 780 psig (supercritical), isobutene 
conversions reached 100.0% and 2,2,4-TMP selectivity was between 65.1 to 83.2 %. On-line Gc 
analysis of this run at 4.0 hr is shown in Figure 3. The run was stopped after 6.8 hr. No 
deactivation was observed. TMP selectivity had a tendency to increase with TOS; selectivities 
were 65.1 % at 1.7 hr and 83.2 % at 6.8 hr. CS components other than 2,2,4-TMP were TMP 
isomers and DMHs. No olefins were observed. All by-products were in trace amounts except C12 
branched paraffins, which was about 20 wt%. Total gasoline boiling fractions (Cr-C12) were over 
to 99 % in all TOS. A run with a lower H2 to isobutene ratio, i.e., HZ : isobutene = 1 : 5 (mol), 
was also made for a longer run time, is.,  8.3 hr (Table 3). Similar results were observed. The Hz 
to isobutene molar ratio was varied from 1.5 to 1:3. Larger amounts of H2 hydrogenated olefins 
and decreased the TMP yield dramatically. If the amount of HZ was lower, TMp selectivity could 
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/ r  reaction showed initial activity to TMPs. Repeated regeneration by He at 450 "C was also 
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'not be maintained, eventually being replaced by CS and higher olefins. ( !  
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32.7 50.5 
Catalyst: PtSZ, 40-60 mesh, mixed with the same weight of 50-70 mesh quartz sand. 
Reaction temperature, 30 "C; liquid pressure, 400 psig (no Hz); i-C4:2-C; = 20. 

Table 2. Various Successful Regeneration Conditions for a 
PtSZ catalyst for Alkylation of Isobutane with 2-Butene' 
110 o c  30 min Hdi-CJIo 
71 O C  2 hr  Hdi-C4Hto 

690 OC 3 hr  air 

450 O C  3 hr  air 

450 O C  3 hr He 

The same catalyst was used. 

Conditions: 150 OC; 780 psig; P VZ-Ah03 catalyst; (a) whsv, 0.5 h-'; H2:i-C4:i-C; = 
0.3:16.3:l(moI), @) whsv, i.5h-l; H2:i-C4:i-C;=O.2:16.3:1 (mol). *See Figure 3. 
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Figtire 1. Liquid Products from Alkylation o f  lsobutane and 2-Butene (fired bed reactor; 
isobiltandbutene ratio, 20; 30 "C; 400 pslg; WlISV,  2.0 h-'; catalyst, PISZ). 

i'iptire 2. I.iqtiid rroducts frotn A I k y l a l i ~ ~ ~  of Isobntane and 2-ISntene (fixed hed reactor; 
i s t i i ~ ~ i t ~ i ~ e / ~ ~ ~ ~ t e n e  ratio, 20; 30 OC; 400 p i g ;  WIISV, 0.25 11.'; catalyst, I'tSZ). 

f 

Figure 3.On-llne GC Annlysis of Alkylate rrom Isolwlane and lsobutene nt242 lnin 1'0s (fixed 
ilrtl reactor; Ii, : i-C, : i-C,-= 0.3 : 16.3 : I; 150 T; 7811 pig; wIIsv,0.5 It.'; I'~W%AIIOJ). 
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